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Summary
Background.  —  Accurate  evaluation  of  the  pulmonary  valve  (PV)  is  crucial  before  surgical  repair
of Tetralogy  of  Fallot  (TOF).
Aims.  —  To  assess  PV  and  pulmonary  annulus  (PA)  morphology  using  three-dimensional  (3D)
transthoracic  echocardiography  (TTE)  in  infants  referred  for  surgical  repair  of  TOF.  Also,  to
compare PA  measurements  obtained  by  3D  TTE  with  those  from  other  imaging  modalities,echocardiography;
Cardiac  computed
tomography
including two-dimensional  (2D)  TTE  and  computed  tomography  (CT),  with  reference  to  surgical
measurements.
Methods. —  3D  zoom  mode  was  used  to  assess  PV  morphology.  2D  TTE  and  CT  PA  diameters
were compared  to  both  vertical  and  horizontal  diameters  obtained  from  3D  datasets.  Surgical
PA diameters  were  measured  using  Hegar’s  dilators.
Abbreviations: 2D, two-dimensional; 3D, three-dimensional; 3D max, maximum diameter by 3D TTE; 3D mean, mean diameter by
3D TTE; 3D min, minimum diameter by 3D TTE; CI, conﬁdence interval; CT, computed tomography; ECG, electrocardiogram; MPR, Mul-
tiplanar reformatting; PA, pulmonary annulus; PV, pulmonary valve; SD, standard deviation; TOF, Tetralogy of Fallot; TTE, transthoracic
echocardiography.
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Results.  —  A  total  of  29  patients  with  TOF  (median  [range]  age  6  [3—24]  months)  were  included
and all  successfully  underwent  2D  and  3D  TTE;  22  also  underwent  CT.  The  number  of  pulmonary
leaﬂets  could  be  visualized  in  24  patients  (82.8%),  with  complete  concordance  with  surgical  ﬁnd-
ings. Vertical  diameter  was  signiﬁcantly  longer  than  horizontal  diameter  (P  <  0.001)—underlying
PA eccentricity—and  was  more  important  in  bicuspid  than  tricuspid  valves.  Correlations  between
2D and  3D  TTE  diameters  were  good.  Surgical  diameter  was  better  correlated  with  2D  and  3D
diameters than  with  CT  diameter.  3D  minimum,  2D  and  CT  diameters  were  signiﬁcantly  lower
than surgical  diameters,  but  3D  mean  and  maximum  diameters  were  not.
Conclusion.  —  3D  TTE  is  accurate  to  assess  PV  morphology  and  PA  size  in  patients  with  TOF.  2D
TTE and  CT  underestimate  PA  diameter  with  reference  to  surgical  diameter,  however  3D  mean
and maximum  diameters  did  not  differ  signiﬁcantly.
© 2016  Elsevier  Masson  SAS.  All  rights  reserved.
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Résumé
Contexte.  —  L’évaluation  de  la  valve  pulmonaire  est  cruciale  avant  la  correction  chirurgicale
de la  tétralogie  de  Fallot.
Objectifs.  —  Évaluer  la  morphologie  de  la  valve  et  de  l’anneau  pulmonaire  par
l’échocardiographie  tridimensionnelle  (3D)  chez  les  patients  avec  Fallot.  Comparer  les
mesures de  l’anneau  pulmonaire  obtenues  par  3D  avec  d’autres  modalités  d’imagerie
(échocardiographie  bidimensionnelle  [2D]  et  scanner  cardiaque),  en  référence  aux  mesures
chirurgicales.
Méthodes.  —  Le  3D  zoom  a  été  utilisé  pour  décrire  la  morphologie  de  la  valve  pulmonaire.
Les diamètres  en  2D  et  en  scanner  ont  été  comparés  aux  diamètres  vertical  et  horizontal  de
l’anneau obtenus  à  partir  des  volumes  3D.  Le  diamètre  chirurgical  a  été  mesuré  par  la  bougie
de Hegar.
Résultats.  —  Un  total  de  29  patients  avec  Fallot  ont  été  inclus  (l’âge  médian  [intervalle]  était
de 6  [3—24]  mois).  Des  échocardiographies  2D  et  3D  ont  été  effectuées  sur  tous  les  patients  ;
parmi ces  derniers,  22  ont  eu  un  scanner  cardiaque.  Un  nombre  des  feuillets  pulmonaires  a  été
visualisé chez  24  patients  (82,8  %)  avec  une  complète  concordance  peropératoire.  Le  diamètre
vertical était  plus  grand  que  l’horizontal  soulignant  l’excentricité  de  l’anneau  pulmonaire,
celle-ci était  plus  importante  pour  la  bicuspidie  que  pour  la  valve  tricuspide.  La  corrélation
entre le  diamètre  2D  et  3D  était  excellente.  Le  diamètre  chirurgical  était  mieux  corrélé  avec
les diamètres  2D  et  3D  qu’avec  le  diamètre  scanner.  Les  diamètres  2D  et  scanner  étaient  signi-
ﬁcativement  inférieurs  au  diamètre  chirurgical.  Celui-ci  n’avait  pas  de  différence  signiﬁcative
avec les  diamètres  moyen  et  maximal  3D.
Conclusion.  —  L’échocardiographie  3D  est  ﬁable  pour  évaluer  la  valve  et  l’anneau  pulmonaire
chez les  patients  avec  Fallot.  L’échocardiographie  des  diamètres  2D  et  le  CT  sous-estiment  le
diamètre chirurgical,  cependant  les  diamètres  3D  ne  diffèrent  pas  signiﬁcativement.
© 2016  Elsevier  Masson  SAS.  Tous  droits  réservés.
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etralogy  of  Fallot  (TOF)  is  one  of  the  most  common  forms
f  cyanotic  congenital  heart  disease  [1].  The  objective  of
he  surgical  repair  is  to  close  the  shunt  and  relieve  the
ight  ventricular  outﬂow  tract  obstruction.  The  aim  is  to
reserve  the  pulmonary  valve  (PV)  when  possible,  to  pre-
ent  late  complications  [2,3].  However,  transannular  patch
s  sometimes  necessary  when  the  PV  is  severely  dysplastic
r  the  size  of  the  pulmonary  annulus  (PA)  is  not  adequate
4].  Morphological  assessment  of  PV  is  crucial  before  sur-
ical  repair  of  TOF.  Assessment  of  PV  using  conventional
i
w
swo-dimensional  (2D)  transthoracic  echocardiography  (TTE)
s  hard  to  achieve,  as  the  short-axis  view  of  the  valve  cannot
e  obtained.  Previous  studies  have  highlighted  the  interest
f  three-dimensional  (3D)  TTE  to  describe  PV  and  PA  in  adult
opulations  with  or  without  congenital  heart  diseases  [5,6],
ut  little  is  known  about  its  use  in  children.  We  describe
he  PV  and  PA  morphology  using  3D  TTE  in  children  with
OF  referred  for  surgical  repair,  and  compare  PA  measure-
ents  obtained  by  3D  TTE  with  other  imaging  modalities,ncluding  2D  TTE  and  cardiac  computed  tomography  (CT),
ith  reference  to  surgical  measurements  as  the  gold
tandard.
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Methods
Patient characteristics
Consecutive  patients  referred  for  surgical  repair  of  TOF  were
included  prospectively.  All  patients  underwent  a  complete
2D  TTE  assessment  followed  by  3D  TTE  assessment  of  PV.
Some  patients  also  underwent  multidetector-row  CT  within
1  day  of  echocardiographic  assessment.  Indications  for  CT
in  these  patients  were  to  further  investigate  the  pulmonary
tree  and/or  the  coronary  arteries.  Informed  consent  was
obtained  from  each  patient’s  legal  representative.  The  study
protocol  was  approved  by  our  institutional  review  board.
Echocardiographic examination
2D  TTE  was  performed  using  the  IE33  ultrasound  system
(Philips  Medical  Systems,  Andover,  MA,  USA).  After  a  full
echocardiographic  evaluation,  PA  diameter  was  obtained  by
2D  TTE  from  the  parasternal  short-axis  view  at  the  level  of
the  aortic  valve.  PA  diameter  was  measured  at  mid-systole
between  the  insertions  of  the  two  cusps  hinge  point  using
2D  zoom  mode  as  recommended  in  guidelines  [7]  (Fig.  1).
3D  TTE  of  the  PV  was  performed  at  the  end  of  the  2D
TTE  study  for  all  patients—from  the  parasternal  view—using
X7-2  and  X5-1  matrix  probes  (Philips  Medical  Systems).  Live
3D  zoom  mode  was  used  to  allow  a  more  focused  visu-
alization  of  PV.  Attention  was  paid  to  optimize  gain  and
brightness.  Vision  H  was  chosen  to  ameliorate  visualization
of  valve  leaﬂets,  as  this  vision  can  provide  depth  perception
(by  coding  orange  for  nearer  structures  and  blue  for  fur-
ther  structures).  After  acquisition  of  3D  volume,  the  image
was  rotated  90◦ down  to  provide  an  en  face  view  of  the  PV
from  the  perspective  of  the  right  ventricular  outﬂow  tract
(Fig.  2).  3D  datasets  were  stored  digitally  and  transferred  to
a  dedicated  workstation  (QLab  9,  Philips  Medical  Systems)
for  ofﬂine  analysis.
Figure 1. Measurements of PA diameter by 2D TTE using zoom
mode. 2D: two-dimensional; LPA: left pulmonary artery; PA: pul-
monary annulus; RPA: right pulmonary artery; TTE: transthoracic
echocardiography.
Figure 2. Protocol for 3D zoom mode acquisition. A. From the
parasternal short-axis view, a 2D biplane of the PV could be
obtained. B. The box of the region of interest was adjusted to
include the totality of the PV in the two planes. C. After volume
acquisition, it was then rotated 90◦ down to obtain an en face view
of the PV seen from the perspective of the right ventricular outﬂow
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T examination
ultidetector-row  CT  was  performed  using  a  64-slice
omatom  Deﬁnition  CT-scanner  (Siemens,  Forchheim,
ermany)  without  sedation  in  all  patients.  Non-
lectrocardiogram  (ECG)-gated  CT  was  obtained  using
he  following  protocol:  rotation  time  330  ms,  slice  thick-
esses  1  mm,  tube  current  50  mAs  and  tube  voltage  80  kVp.
CG-gated  CT  was  performed  in  patients  with  suspected
oronary  artery  anomalies.  An  iodinated  contrast  (Xenetix
00;  Guerbet,  France)  was  injected  into  all  patients  with  a
ower  injector.  The  volume  injected  was  adjusted  to  the
hild’s  weight  (2  mL/kg).  PA  diameter  was  obtained  from
xial  reconstructed  images  (maximum-intensity  projection)
90  
Figure 3. Measurement of the PA by multidetector-row CT from
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cxial view (maximum-intensity projection). CT: computed tomogra-
hy; LPA: left pulmonary artery; PA: pulmonary annulus; RPA: right
ulmonary artery.
t  the  level  of  the  pulmonary  artery,  by  measuring  the
istance  between  the  hinge  points  of  the  pulmonary  cusps
ollowing  the  edge-to-leading  edge  rule  (Fig.  3).
erioperative PA sizingfter  infundibular  resection  was  performed,  the  PV  was
nspected  by  the  surgeon  and  described  as  bicuspid  or  tri-
uspid.  Surgical  commissurotomy  was  performed  when  there
as  a  commissural  fusion;  the  surgical  PA  diameter  was  then
l
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igure 4. Measurement of the vertical and horizontal diameters of th
eft) cuts the 3D volume at the level of PA; the green plane (top left) run
uts it on its horizontal diameter. 3D: three-dimensional; MPR: multiplanK.  Hadeed  et  al.
easured  using  Higar’s  dilators  (Medline  Industries  Inc.,
undelein,  IL,  USA).  The  surgical  PA  diameter  was  consid-
red  to  be  the  largest  dilator  that  ﬁtted  the  pulmonary
nnulus  without  forcing.  PA  diameters  are  expressed  as  a
 score  calculated  from  the  nomogram  of  Pettersen  et  al.
8].
D TTE dataset analysis
D  TTE  image  quality  was  graded  according  to  a  simpliﬁed
our-point  scale:  poor  (PV  leaﬂets  not  visualized);  fair  (PV
eaﬂets  visualized);  good  (good  visualization  of  PV  leaﬂets,
heir  coaptation  and  mobility);  and  excellent  (excellent
isualization  of  PV  leaﬂets,  their  coaptation,  mobility  and
hickness).
PA  sizing  from  3D  datasets  was  obtained  using  Multiplanar
eformatting  (MPR)  mode,  with  three  independent  ortho-
onal  cutting  planes.  Two  orthogonal  planes  were  placed  in
he  long  axis  of  the  right  ventricular  outﬂow  tract.  The  third
lane  was  placed  perpendicular  to  the  other  two,  and  moved
o  the  insertion  of  pulmonary  cusps  to  obtain  a  short-axis
iew  of  the  PA  (Fig.  4).  Both  vertical  and  horizontal  diam-
ters  of  the  PA  were  measured.  When  the  two  diameters
ere  different,  the  largest  was  called  the  maximum  diam-
ter  (3D  max)  and  the  smallest  was  called  the  minimum
iameter  (3D  min).  The  3D  mean  diameter  (3D  mean)  was
alculated  as  the  mean  of  3D  max  and  3D  min.  PA  geometry
as  expressed  by  the  eccentricity  index,  which  was  calcu-ated  as  100  ×  (3D  max—3D  min)/3D  max.  An  eccentricity
ndex  value  of  zero  represents  a  perfect  circle,  while  a  pro-
ressively  higher  eccentricity  index  represents  a  more  oval
eometry.
e PA, from a 3D dataset, using MPR mode. The blue plane (bottom
s through the PA on its vertical diameter; the red plane (top right)
ar reformatting; PA: pulmonary annulus.
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Statistical analysis
Results  are  expressed  as  median  (range)  for  continuous
variables  or  as  a  number  (percentage)  for  categorical  varia-
bles.  Spearman’s  correlation  coefﬁcients  with  their  95%
conﬁdence  intervals  (CIs)  were  used  to  assess  the  correla-
tion  between  PA  measurements.  The  Bland-Altman  method
was  used  to  further  investigate  the  differences  between
measurements.  Statistical  differences  were  considered  sig-
niﬁcant  when  the  P  value  was  <  0.05.  Statistical  analyses
were  performed  using  Stata® 11.2  software  (StataCorp  LP,
College  Station,  TX,  USA).
Results
Population
Twenty-nine  consecutive  patients  referred  for  surgical  cor-
rection  of  TOF  were  included  prospectively.  Their  median
(range)  age  was  6  (3—24)  months;  and  weight  was  6.5
(4.4—13.5)  kg.  Six  (20.7%)  of  the  patients  underwent  a  pal-
liative  intervention  for  severe  cyanosis  during  the  neonatal
period  (four  patients  had  Blalock-Taussig  anastomosis  and
two  had  percutaneous  pulmonary  valvuloplasty).
3D TTE of the pulmonary valve
3D  TTE  of  the  PV  was  feasible  in  all  patients.  Image  quality
was  excellent  in  six  patients  (20.7%),  good  in  eight  (27.6%),
fair  in  10  (34.5%)  and  poor  in  ﬁve  (17.2%).  The  number
Figure 5. 3D zoom mode demonstrating an en face view from
the perspective of the right ventricle of A. a bicuspid and B. a
tricuspid PV, at systole (left) and diastole (right). The leaﬂet num-
ber could be seen, as well as their thickness and coaptation. 3D:
three-dimensional; PV: pulmonary valve.
of  PV  leaﬂets  could  be  visualized  in  24  patients  (82.8%).
Among  these,  the  PV  was  bicuspid  (Fig.  5A,  Video  1A)  in
18  patients  and  tricuspid  (Fig.  5B,  Video  1B)  in  six  patients.
These  ﬁnding  were  conﬁrmed  perioperatively  with  complete
concordance.  In  the  remaining  ﬁve  patients,  the  leaﬂet  num-
ber  could  not  be  determined  by  3D  TTE,  but  they  were
subsequently  described  by  the  surgeon  as  bicuspid  in  three
patients  and  tricuspid  in  two  patients.  Overall,  bicuspid  PV
was  signiﬁcantly  more  common  than  tricuspid  PV  (72.4%  vs
27.6%;  P  <  0.001).
In  the  two  patients  who  underwent  pulmonary  valvulo-
plasty  in  the  neonatal  period,  the  PV  was  bicuspid  in  both.  In
one  of  them,  there  was  a  residual  fusion  of  the  left  commis-
sure,  while  the  right  commissure  was  wide  open.  In  the  other
patient,  there  was  a  ﬂail  of  the  anterior  leaﬂet  of  the  PV
with  restriction  of  the  posterior  leaﬂet  (Fig.  6).
3D TTE and pulmonary annulus
The  PA  could  be  visualized  and  assessed  using  MPR  mode
in  all  patients.  The  median  (range)  vertical  diameter
was  signiﬁcantly  longer  than  the  horizontal  diame-
ter  (8.0  [5.7—15.5]  vs  6.7  [4.5—14.5];  P  < 0.001).  The
mean  ±  standard  deviation  (SD)  difference  between  the
vertical  and  horizontal  diameters  was  1.3  ±  0.8  mm.  The
median  (range)  eccentricity  index  of  the  PA  was  13%
(3—31%).  The  PA  was  signiﬁcantly  more  asymmetric  when
the  PV  was  bicuspid  rather  than  tricuspid  (eccentricity  index
14%  vs  7%;  P  =  0.0002).
Comparison of PA measurements between
imaging modalities
A  total  of  22  patients  (75.9%)  underwent  multidetector-
row  CT.  PA  diameters  obtained  from  the  different  imaging
modalities  and  perioperative  measurements  are  reported  in
Table  1. There  were  good  correlations  between  2D  TTE  diam-
eter  and  3D  min,  3D  mean,  and  3D  max  and  CT  diameters
(Table  2).  CT  diameter  had  good  correlations  with  3D  min
and  3D  mean,  but  less  with  3D  max).  Surgical  diameter  was
Figure 6. 3D TTE of the PV in a patient who underwent pul-
monary angioplasty in the neonatal period at diastole (left) and
systole (right). The PV is bicuspid, with ﬂail of the anterior leaﬂet
at diastole, while the posterior leaﬂet is thickened and sclerotic
with low mobility. The zone of malcoaptation between the two
leaﬂets could also be seen at diastole. 3D: three-dimensional; AL:
anterior leaﬂet; PL: posterior leaﬂet; PV: pulmonary valve; TTE:
transthoracic echocardiography.
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Table  1  PA  diameters  obtained  by  different  imaging  modalities  in  our  population  (n  =  29).
Median  95%  CI  Minimum  Maximum
2D  TTE  diameter  (mm)  7.0  6.0—8.0  5.0  15.5
3D  min  (mm)  6.7  6.0—8.5  4.5  14.5
3D  max  (mm) 8.0 7.0—9.5 5.7 15.5
3D  mean  (mm) 7.3 6.5—9.0 5.4 15.0
Eccentricity  index  (%)  13.0  9.0—18.0  3.0  31.0
CT  diameter  (mm)a 7.0  6.4—8.0  5.2  14.8
Surgical  diameter  (mm)  8.0  6.0—9.0  5.0  15.0
2D: two-dimensional; 3D: three-dimensional; 3D max: maximum diameter by 3D TTE; 3D mean: mean diameter by 3D TTE; 3D min:
minimum diameter by 3D TTE; CI: conﬁdence interval; CT: computed tomography; PA: pulmonary annulus; TTE: transthoracic
echocardiography.
a In 22 patients.
Table  2  Comparison  of  PA  diameters  by  different  imaging  modalities  (n  =  29).
2D  TTE  diameter 3D  min 3D  max 3D  mean CT  diametera Surgical  diameter
2D  TTE  diameter  1
3D  min  0.92b 1
3D  max  0.90b 0.95b 1
3D  mean  0.92b 0.98b 0.99b 1
CT  diametera 0.91b 0.89b 0.82b 0.87b 1
Surgical  diameter  0.78b 0.76b 0.79b 0.78b 0.61c 1
Data are Spearman’s correlation coefﬁcients (r). 2D: two-dimensional; 3D: three-dimensional; 3D max: maximum diameter by 3D TTE;
3D mean: mean diameter by 3D TTE; 3D min: minimum diameter by 3D TTE; CT: computed tomography; PA: pulmonary annulus; TTE:
transthoracic echocardiography.
a In 22 patients.
b P < 0.0001.
c P = 0.06.
better  correlated  with  2D  TTE  and  all  3D  TTE  diameters  but
less  with  CT  diameter  (Table  2).
2D  TTE  and  CT  diameters  did  not  differ  signiﬁcantly  from
3D  min  diameter  (P  =  0.12).  However,  they  were  signiﬁcantly
Figure 7. Box plot comparing measurements of PA diameter
obtained by different imaging modalities with the surgical diameter.
Boxes show ﬁrst and third quartiles; horizontal lines show medians;
whiskers show interquartile range; outliers are shown as crosses.
2D: two-dimensional TTE diameter; 3D: three-dimensional; 3D max:
maximum diameter by 3D TTE; 3D mean: mean diameter by 3D TTE;
3D min: minimum diameter by 3D TTE; CT: computed tomography;
PA: pulmonary annulus; TTE: transthoracic echocardiography.
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(ower  than  3D  mean  and  3D  max  diameters  (P  <  0.001).  When
ompared  with  perioperative  sizing,  2D  TTE,  CT  and  3D
in  diameters  were  signiﬁcantly  lower  than  surgical  diam-
ters  (P  <  0.05,  P  =  0.04  and  P  <  0.01,  respectively;  Fig.  7).
owever,  3D  mean  and  3D  max  diameters  did  not  differ
igniﬁcantly  from  surgical  diameters  (P  =  0.32  and  P  =  0.08,
espectively;  Fig.  7).
Bland-Altman  analysis  revealed  a  good  agreement
etween  3D  mean  and  3D  max  diameters  with  surgi-
al  diameters  (mean  differences  of  −0.3  ±  1.15  mm  and
.3  ±  1.15  mm,  respectively;  Fig.  8).  This  difference  was
ore  important  when  the  PA  diameter  was  smaller.  Bland-
ltman  agreements  for  2D,  3D  min  and  CT  diameters  with
urgical  diameters  were  lower,  as  illustrated  in  Fig.  8.
A  surgical  diameter  Z  score  of  −2  was  the  threshold  used
y  the  surgeon  to  preserve  the  PA.  The  3D  mean  diameter
as  the  most  predictive  of  conserving  PA:  a  value  of  Z  score
t  −1.6  had  a  sensitivity  of  76.5%  and  a  speciﬁcity  of  91.7%
o  predict  surgical  conservation  of  the  PA  (Fig.  9).
mpact of PV morphology on surgical resultshe  surgical  diameter  Z  score  tended  to  be  lower  when
he  PV  was  bicuspid  rather  than  tricuspid  (median  −1.4  vs
0.5),  although  the  difference  was  not  statically  signiﬁcant
P  =  0.19;  Table  3).  In  this  series,  the  PA  was  preserved  in
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Figure 8. Bland-Altman analysis displaying the differences between PA diameters obtained by the different imaging modalities compared
with the surgical diameter. 2D: two-dimensional TTE diameter; 3D: three-dimensional; 3D max: maximum diameter by 3D TTE; 3D mean:
: com
ardio
D
A
2mean diameter by 3D TTE; 3D min: minimum diameter by 3D TTE; CT
deviation; surg. diam.: surgical diameter; TTE: transthoracic echoc
all  patients  with  a  surgical  diameter  Z  score  more  than  −2,
which  represented  16  patients  (55.2%).  This  included  5/8
tricuspid  valves  (62.5%)  and  11/21  bicuspid  valves  (52.4%)
(P  =  0.41).  No  signiﬁcant  residual  pulmonary  stenosis  was
observed  immediately  or  after  20-month  follow-up,  except
one  patient  required  a  percutaneous  pulmonary  valvulo-
plasty  1  year  after  surgery.
b
n
p
Table  3  Comparison  between  bicuspid  and  tricuspid  PVs.
Total  population
(n  =  29)
B
(n
Surgical  diameter  Z  score  —1.2  (—3.6  to—0.4)  —1
Eccentricity  index  (%)  13.0  (9—18)  14
Valve  conserved  16  (55.2)  
Data are expressed as median (95% conﬁdence interval) or number (%)puted tomography diameter; PA: pulmonary annulus; SD: standard
graphy.
iscussion
ssessment  of  PV  morphology  using  2D  TTE  is  challenging.
D  TTE  cuts  the  PV  in  its  long  axis,  so  only  two  cusps  can
e  visualized  simultaneously.  A  short-axis  view  of  the  PV  is
ot  generally  obtained  by  2D  TTE,  although  in  rare  cases  of
atients  in  whom  the  orientation  of  the  pulmonary  artery
icuspid  PV
 =  21)
Tricuspid  PV
(n  =  8)
P
.4  (—3.7  to—0.6)  —0.5  (—2.5  to  0)  0.19
.0  (13—19)  7.0  (6—7)  0.0002
11  (52.4)  5  (62.5)  0.41
. PV: pulmonary valve.
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Figure 9. ROC curve of 3D mean Z score to predict a −2 surgical
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pared  to  the  size  of  the  PA  [18—20].  In  our  series,  PV  wasiameter Z score threshold. 3D: three-dimensional; ROC: receiver
perating characteristic.
s  unusual,  this  could  be  possible  [9].  The  advantage  of  3D
TE  is  that  it  provides  volumetric  datasets  that  can  then  be
ropped  and  reoriented  to  assess  the  zone  of  interest  from
ny  perspective.  Our  study  demonstrates  the  accuracy  of  3D
TE  to  assess  PV  in  patients  with  TOF.  In  this  study,  an  en  face
iew  of  the  PV  could  be  obtained  in  all  patients.  The  image
uality  was  sufﬁcient  in  the  majority  of  our  patients  (82.8%)
o  assess  PV  morphology.  The  majority  of  bicuspid  PVs  could
e  distinguished  by  3D  TTE  before  surgery.  We  used  3D  zoom
ode  for  the  acquisition  of  3D  images.  As  an  advantage,  as
pposed  to  other  3D  acquisitions,  this  mode  eliminates  the
eed  for  cropping  the  volume  as  the  volume  is  deﬁned  man-
ally  before  ﬁtting  the  zone  of  interest.  Furthermore,  this
ode  permits  a  more  focused  image  of  the  target  structure,
rovides  artefact-free  images  with  adequate  image  qual-
ty,  and  eliminates  other  surrounding  structures  that  could
revent  good  visibility  of  the  PV.
The  PV  is  the  valve  least  studied  by  3D  TTE  among  the
our  cardiac  valves,  and  few  data  exist  in  the  literature.
elly  et  al.  [5]  demonstrated  the  feasibility  of  using  3D  TTE
n  the  morphological  assessment  of  PVs  in  adults  without
ongenital  heart  disease.  In  their  study,  the  detection  rate
f  the  PV  morphology  was  higher  using  live  3D  zoom  mode
ather  than  3D  full  volume  mode  (60%  vs  22%).  They  also
emonstrated  that  3D  image  quality  was  dependent  on  the
nitial  2D  image  quality.  This  could  explain  the  higher  detec-
ion  rate  in  our  study,  as  transthoracic  acoustic  windows
re  generally  better  in  children  than  adults.  Anwar  et  al.
6]  demonstrated  the  incremental  value  of  3D  TTE  for  the
ssessment  of  PV  in  50  adults  with  different  congenital  heart
iseases  including  one  patient  with  TOF.  They  found  that  PV
orphology  could  be  assessed  in  70%  of  patients  and  was
icuspid  in  three  patients.  However  there  are  no  data  avail-
ble  concerning  this  issue  in  children.  Our  study  is  the  ﬁrst
o  demonstrate  the  added  value  of  3D  TTE  in  the  description
f  PV  morphology  in  children  with  TOF.
Furthermore,  our  study  could  provide  new  information
bout  the  geometry  of  the  PA.  The  vertical  diameter  of  the
A  was  longer  than  the  horizontal  diameter,  and  the  differ-
nce  between  the  two  diameters  was  statically  signiﬁcant.
his  indicates  that  the  PA  is  not  perfectly  round,  but  rather
c
m
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lightly  oval,  in  patient  with  TOF.  This  observation  does  not
eem  to  concern  only  patients  with  TOF.  Berdajs  et  al.  [10]
escribed  the  asymmetrical  geometry  of  the  pulmonary  root
n  normal  hearts  by  morphometric  measurement  of  the  dis-
ance  between  commissures  and  between  the  intervalvular
riangles.  Anwar  et  al.  [6]  assessed  PV  morphology  using  3D
TE  in  adults  with  different  congenital  heart  diseases.  They
ound  that  the  shape  of  the  PA  appeared  visually  as  oval
ather  than  completely  circular.  The  present  study  extends
hese  results  by  quantiﬁcation  of  this  asymmetry  using  the
ccentricity  index.  Furthermore,  we  found  that  the  sever-
ty  of  PA  asymmetry  was  different  according  to  the  valve
orphology,  as  it  was  more  important  in  bicuspid  than  tri-
uspid  valves.  No  data  are  available  in  the  literature  about
his  concern.  However,  these  observations  seem  to  be  similar
o  those  previously  described  for  the  aortic  valve  [11—13].
oreover,  a  recent  study  found  that  the  aortic  annulus,
ssessed  by  3D  TTE,  was  more  asymmetric  in  children  with
icuspid  aortic  valve  than  in  those  with  tricuspid  aortic  valve
14]. These  similar  modiﬁcations  of  aortic  annulus  and  PA
eometry  in  cases  of  bicuspid  and  tricuspid  valves  suggest  a
ommon  pathophysiology  in  both  situations  and  need  more
nvestigation.
Our  study  is  the  ﬁrst  to  our  knowledge  to  compare  the
ccuracy  of  three  imaging  techniques  (2D  TTE,  CT  and  3D
TE)  for  PA  sizing,  with  reference  to  surgical  sizing  as  the
old  standard.  Our  results  demonstrate  that  2D  TTE  and  CT
easurements  underestimate  the  surgical  diameter,  while
D  mean  and  3D  max  diameters  have  the  best  agreement
ith  the  surgical  gold  standard  sizing,  with  the  mean  differ-
nces  between  the  two  methods  being  −0.3  ±  1.15  mm  and
.3  ±  1.15  mm,  respectively.  These  relatively  wide  limits  of
greement  could  be  explained  by  the  perioperative  sizing,
hich  was  done  by  Hegar’s  dilators  with  graduations  in  1-
m  increments,  so  a  difference  inferior  to  1  mm  could  not
e  appreciated.
One  previous  study  has  demonstrated  that  measurement
f  the  PA  from  a short-axis  view  by  2D  TTE  leads  to  under-
stimation  of  the  PA  diameter  compared  to  3D  TTE  in  adult
atients  [6]. In  our  study,  we  can  explain  this  by  the  asym-
etry  of  the  PA—the  vertical  diameter  was  signiﬁcantly
onger  than  the  horizontal  diameter.  2D  TTE  measures  the
istance  from  the  basal  attachment  of  one  leaﬂet  to  the
asal  attachment  of  an  adjacent  leaﬂet,  and  these  lines  do
ot  necessarily  span  the  maximum  diameter  of  the  PA,  but
rovide  a  tangential  proﬁle  of  the  outlet.  Hayabuchi  et  al.
15]  found  that,  although  there  was  an  excellent  correlation
etween  multidetector-row  CT  and  invasive  angiography  for
he  quantiﬁcation  of  pulmonary  artery  sizes  in  children  with
ongenital  heart  diseases,  the  correlation  for  PA  sizing  was
nly  moderate.  This  could  be  explained  by  motion  artefacts
uring  the  cardiac  cycle  that  affect  the  PV  more  than  the
ulmonary  arteries.
Preservation  of  the  PV  in  patients  with  TOF  could  prevent
he  deleterious  effects  of  pulmonary  regurgitation,  includ-
ng  early  and  late  right  ventricular  failure  and  arrhythmia
16,17].  However,  to  date,  there  is  no  agreement  about
hich  patients  could  beneﬁt  from  conserving  surgery  com-onserved  in  all  patients  with  surgical  diameter  Z  score
ore  than  −2  (55.2%)  without  signiﬁcant  residual  pulmonary
tenosis  immediately  and  after  20-month  follow-up.  3D
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mean  diameter  was  the  most  predictive  of  surgical  conserv-
ing  of  PA  with  a  good  sensitivity  and  speciﬁcity.  Although
our  study  design  does  not  address  this  issue,  this  demon-
strates  that  PV  preservation  could  be  possible  even  when
the  PA  is  hypoplasic.  Moreover,  the  PA  tended  to  be  smaller
when  the  PV  was  bicuspid  rather  than  tricuspid.  Although  the
difference  did  not  reach  statistical  signiﬁcance,  the  preser-
vation  of  PV  was  more  frequent  in  tricuspid  than  bicuspid
valves.  These  results  are  with  agreement  with  a  previous
study  where  they  found  that  a  tricuspid  PV  is  a  signiﬁcant
marker  for  success  of  PV-sparing  approach  to  the  repair  of
TOF  [17].  Our  study  demonstrates  that  3D  TTE  is  an  inter-
esting  non-invasive  imaging  technique  that  could  enhance
understanding  of  PV  morphology  and  provide  accurate  mea-
surements  of  the  PA  necessary  for  patient  management.
Other  applications  of  3D  TTE  could  be  the  assessment  of
PV  before  percutaneous  valvuloplasty  of  pulmonary  steno-
sis  and  sizing  of  the  right  ventricular  outﬂow  tract  before
implantation  of  a  Melody  valve.
Conclusions
3D  TTE  is  an  accurate  method  to  describe  PV  morphol-
ogy  and  for  PA  sizing  in  infants  with  TOF.  2D  TTE  and
multidetector-row  CT  underestimate  PA  diameter  with  ref-
erence  to  surgical  diameter,  however  3D  TTE  diameters  did
not  differ  signiﬁcantly.
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